Background: Tanzania's Zanzibar archipelago has made significant gains in malaria control over 39 the last decade and is a target for malaria elimination. Despite consistent implementation of 40 effective tools since 2002, elimination has not been achieved. Importation of parasites from 41 outside of the archipelago is thought to be an important cause of malaria's persistence, but this 42 paradigm has not been studied using modern genetic tools. 43 44 Methods: We used whole-genome sequencing (WGS) to investigate the impact of importation, 45 employing population genetic analyses of Plasmodium falciparum isolates from both the 46 archipelago and mainland Tanzania. We assessed ancestry, levels of genetic diversity and 47 differentiation, patterns of relatedness, and patterns of selection between these two populations 48 by leveraging recent advances in deconvolution of genomes from polyclonal malaria infections. 49 50 Results: We identified significant decreases in the effective population sizes in both populations 51 in the timeframe of decreasing malaria transmission in Tanzania. Identity by descent analysis 52 showed that parasites in the two populations shared large sections of their genomes, on the 53 order of 5 cM, suggesting shared ancestry within the last 10 generations. Even with limited 54 sampling,, we demonstrate a pair of isolates between the mainland and Zanzibar that are 55 related at the expected level of half-siblings, consistent with recent importation 56 57 Conclusions: These findings suggest that importation plays an increasing role for malaria 58 incidence on Zanzibar and demonstrate the value of genomic approaches for identifying 59 corridors of parasite movement to the island. 60 61 BACKGROUND 63 64 Despite nearly two decades of progress in control, malaria remains a major public health 65 challenge with an estimated 219 million cases and 435,000 deaths in 2017 globally [1]. The 66 mainland of Tanzania has heterogeneous transmission of mainly Plasmodium falciparum 67 malaria, but overall levels of malaria remain high, accounting for approximately 3% of global 68 malaria cases [1]. However, through a combination of robust vector control and access to 69 efficacious antimalarial treatment, the archipelago of Zanzibar has been deemed a pre-70 elimination setting, having only low and mainly seasonal transmission [2]. Despite significant 71 efforts, however, elimination has been difficult to achieve in Zanzibar. The reasons for 72 Zanzibar's failure to achieve elimination are complex and likely driven by several key factors: 1) 73 as transmission decreases, the distribution of cases changes and residual transmission is more 74 focal and mainly outdoors [3]; 2) a significant number of malaria infections are asymptomatic 75 and thus untreated and remain a source for local transmission [4-7]; and 3) the archipelago has 76 a high level of connectivity with the mainland, thus imported malaria through human travel may 77 play an increasing relative role in transmission. 78 79 Genomic epidemiology can supplement traditional epidemiological measures in studies of 80 malaria transmission and biology, thereby helping to direct malaria elimination strategies [8]. 81
6 Supplemental Materials and Supplementary Table 2 . The two sWGA reactions were carried 133 out under the same conditions. The products of the two sWGA reactions were pooled in equal 134 volumes and acoustically sheared using a Covaris E220 instrument before library preparation 135 using Kappa Hyper library preps. The indexed libraries were pooled and sequenced on a 136 HiSeq4000 using 2x150 chemistry at the University of North Carolina High Throughput 137 Sequencing Facility. Sequencing reads were deposited into the NCBI SRA (Accession numbers: 138 pending). 139 140 Public sequencing data. Illumina short read WGS data for Plasmodium falciparum isolates was 141 downloaded from public databases. This included 68 isolates from other regions of Tanzania, 142 collected between 2010 and 2013, as well as 179 isolates from other regions, including 143
Southeast Asia, South Asia, East and West Africa ( Supplemental Table 3 ). 144
145
Read alignment and quality control. Raw paired-end reads were trimmed for adapter sequences 146 with `cutadapt` v1.18 and aligned to the P. falciparum 3D7 reference genome (assembly version 147 3, PlasmoDB version 38: https://plasmodb.org/common/downloads/release-148 38/Pfalciparum3D7/fasta/data/PlasmoDB-38_Pfalciparum3D7_Genome.fasta) with `bwa mem` 149 v0.7.17-r1188. Duplicates were marked with `samblaster` v0.1.24. We defined a position as 150 "callable" if it was covered by >= 5 high-quality reads (MQ >= 25, BQ >= 25), and computed the 151 proportion of callable sites in each isolate was calculated with the Genome Analysis Toolkit 152 (GATK) `CallableLoci` tool v3.8-0. Only isolates with >= 70% of the genome callable were used 153 for further analysis. 154 155 Variant discovery and filtering. Short sequence variants (including SNVs, indels and complex 156 multi-nucleotide variants) were ascertained in parallel in each isolate using GATK 157 `HaplotypeCaller` v.4.0.3.0, then genotyped jointly across the entire cohort with GATK 158 7 `GenotypeGVCFs` according to GATK best practices. Variant discovery was limited to the core 159 nuclear genome as defined by [22] . Putative SNVs only were filtered using the GATK Variant 160 Quality Score Recalibration (VQSR) method. For training sets, we used: QC-passing sites from 161 the P. falciparum Genetic Crosses Project release 1.0 162 (ftp://ngs.sanger.ac.uk/production/malaria/pf-crosses/1.0/; [22] ) (true positives, prior score Q30); 163 QC-passing sites from the Pf3K release v5.1 164 (ftp://ngs.sanger.ac.uk/production/pf3k/release_5/5.1/) (true positives + false positives, prior 165 score Q15). We used site annotations QD, MQ, MQRankSum, ReadPosRankSum, FS, SOR 166 and trained the model with 4 Gaussian components. A VQSLOD threshold -0.0350 achieved 167 90% sensitivity for re-discovering known sites in the training sets. All biallelic SNVs with 168 VQSLOD at or above this threshold were retained. 169 170 Isolates may contain multiple strains that are haploid resulting in mixed infections with arbitrary 171 effective ploidy. To account for this complexity of infection (COI) in our analyses, we followed 172 previous authors [23] and calculated the following quantities at each variant site: for each 173 isolate, the within-sample allele frequency (WSAF), the proportion of mapped reads carrying the 174 non-reference allele; the population-level allele frequency (PLAF), the mean of within-sample 175 allele frequencies; and the population-level minor allele frequency (PLMAF), the minimum of 176 PLAF or 1-PLAF. These calculations were performed with `vcfdo wsaf` 177 (https://github.com/IDEELResearch/vcfdo). 178
179
Analyses of mutational spectrum. Ancestral versus derived alleles at sites polymorphic in P. 180 falciparum were assigned by comparison to the outgroup species P. reichenowi. Briefly, an 181 approximation to the genome of the P. reichenowi -P. falciparum common ancestor (hereafter, 182 "ancestral genome") was created by aligning the P. falciparum 3D7 assembly to the P. 183 reichenowi CDC strain assembly (version 3, PlasmoDB version 38: 184 8 https://plasmodb.org/common/downloads/release-38/PreichenowiCDC/fasta/data/PlasmoDB-185 38_PreichenowiCDC_Genome.fasta) with `nucmer` v3.1 using parameters "-g 500 -c 500 -l 10" 186 as in [24] . Only segments with one-to-one alignments were retained; ancestral state at sites 187 outside these segments was deemed ambiguous. The one-to-one segments were projected 188 back into the 3D7 coordinate system. Under the assumption of no recurrent mutation, any site 189 polymorphic in P. falciparum is not expected to also be mutated on the branch of the phylogeny 190 leading to P. reichenowi. Thus, the allele observed in P. reichenowi is the ancestral state 191 conditional on the site being polymorphic. Transitions-transversion (Ti:Tv) ratios and mutational 192 spectra were tallied with `bcftools stats` v1. 19. 193 194 Analyses of ancestry and population structure. VQSR-passing sites were filtered more 195 stringently for PCA to reduce artifacts due to rare alleles and missing data. Genotype calls with 196 GQ < 20 or DP < 5 were masked; sites with < 10% missing data and PLMAF >5% after sample-197 level filters were retained for PCA, which was performed with `akt pca` v3905c48 [25] . For 198 calculation of f 3 statistics, genotype calls with GQ < 10 or DP < 5 were masked; sites with <10% 199 missing data and PLMAF >1% after sample-level filters were retained. Then f 3 statistics were 200 calculated from WSAFs rather than nominal diploid genotype calls, using `vcfdo f3stat`. 201
202
Estimation of sequence diversity. Estimates of sequence diversity and differentiation were 203 obtained from the site-frequency spectrum (SFS), which in turn was estimated directly from 204 genotype likelihoods with `ANGSD` 0.921-11-g20b0655 [26] using parameters "-doCounts 1 -205 doSaf 1 -GL 2 -minDepthInd 3 -maxDepthInd 2000 -minMapQ 20 -baq 1 -c 50." Unfolded SFS 206 were obtained with the `ANGSD` tool `realSFS` using the previously-described ancestral 207 sequence from P. reichenowi. All isolates were treated as nominally diploid for purposes of 208 10 237 Between-isolate IBD segments were identified by applying `refinedIBD` v12Jul18 [27] to the 238 phased haplotypes produced by `dEploid`. For a genetic map, we assumed constant 239 recombination rate of 6.44 x 10 -5 cM/bp (equal to the total genetic length of the P. falciparum 240 map divided by the physical size of the autosomes in the 3D7 assembly.) Segments >2 cM were 241 retaiend for analysis. The proportion of the genome shared IBD between phased haplotypes 242 (between-isolate F IBD ) was estimated by maximum likelihood described in [28] using `vcfdo ibd`. 243 244 Demographic inference. Curves of recent historical effective population size were estimated 245 from between-isolate IBD segments with `IBDNe` v07May18-6a4 [29] were assigned by comparison to the P. reichenowi (CDC strain) genome. We observed similar 303 biases in the mutational spectrum as have been estimated directly from mutation-accumulation 304 experiments [36]: transitions are more common transversions (Ti:Tv = 1.12; previous estimate 305 1.13), with a large excess of G:C > A:T changes even after normalizing for sequence 306 composition (Supplementary Figure 1) . Consistency in the mutational spectrum between 307 independent studies, using different methods for sample preparation and bioinformatics, 308 supports the accuracy of our genotypes. for each strain. IBD segments were ascertained both between and (in the case of mixed 348 infections) within isolates. We also calculated the F ws statistic, an index of within-host diversity 349 that is conceptually similar to traditional inbreeding coefficients [23] . Approximately half of 350 isolates had COI = 1 ("clonal") and half had COI > 1 ("polyclonal" or "mixed") in both 351 populations, and the distribution of COI was similar between the mainland and Zanzibar (chi 352 squared = 0.27 on 2 df, p = 0.87; Supplemental Table 4 ). Ordinal trends in F ws were 353 qualitatively consistent with COI but show marked variation for COI > 1 (Figure 3A) . We found 354 evidence for substantial relatedness between infecting lineages within mixed isolates ( Figure  355 Figure 3D . Segments shared between isolates within 369 the mainland population (6.2 cM, 95% CI 5.9 --6.6 cM, n = 3279) were longer than segments 370 shared within Zanzibar (4.5 cM, 95% 4.1 --4.8 cM, n = 592) or between mainland and Zanzibar 371 populations (4.1 cM, 95% CI 3.9 --4.3 cM, n = 6506). After accounting for differences in 372 segment length by population, difference in lengths of IBD segments detected between versus 373 within individuals are not significant (mean difference -0.038 cM, 95% CI -0.10 --0.023 cM). In a 374 random-mating population the length of a segment shared IBD between a pair of individuals 375 with last common ancestor G generations in the past is exponentially-distributed with mean 376 100/(2*G) cM. The shared haplotypes that we observe, with length on the order of 5 cM, are 377 thus consistent with shared ancestry in the past 10 generations --although as many as half of 378 such segments probably date back at least 20 generations [40] . In the presence of inbreeding, 379 IBD sharing persists even longer in time. 380 381 Close relationships between isolates from the archipelago and the mainland suggest recent 382 genetic exchange. We defined a threshold F IBD > 0.25 because it implies that two isolates 383 shared at least one common parent in the last outcrossing generation and therefore are related 384 as recently as the last 1-2 transmission cycles, depending on background population dynamics. 385
In principle this could result from importation of either insect vectors or human hosts. To 386 investigate the latter possibility, we used a travel-history questionnaire completed by subjects 387 from Zanzibar. Nine subjects reported travel to the mainland in the month before study 388 enrollment; their destinations are shown in Figure 4A . We identified 10 pairs with F IBD > 0.25 389 (marked by orange triangles in histogram in Figure 4B ); all involved a single Zanzibar isolate 390 from a patient who travelled to the coastal town of Mtwara (orange arc in Figure 4A ). It is very 391 likely that this individual represents an imported case. Overall, isolates from travelers had 392 slightly higher mean pairwise relatedness to isolates from the mainland (mean F IBD = 0.0020, 393 95% CI 0.0018 --0.0021) than did isolates from non-travellers (mean F IBD = 0.0015, 95% CI 394 0.0014 --0.0016; Wilcoxon rank-sum test p = 1.8 x 10 -12 for difference). But these relationships -395 -spanning 10 or more outcrossing generations --are far too remote to be attributed to the 396 period covered by the travel questionnaire. The pattern likely represents instead the presence of 397 subtle population structure within Zanzibar. fine-scale linkage disequilibrium carry information about the more remote past. We used 403 complementary methods to infer recent and remote population demography from phased 404 haplotypes. First, we applied a non-parametric method [29] to infer recent effective population 405 size (N e ) from IBD segment lengths separately in mainland Tanzania and Zanzibar populations 406 ( Figure 5A) . The method infers a gradual decline of several orders of magnitude in N e over the 407 past 100 generations to a nadir at N e ~= 5,000 around 15-20 outcrossing generations before the 408 time of sampling. Although the confidence intervals are wide, similar trajectories are inferred in 409 all three populations. 410 411 Second, we inferred more remote population size histories jointly for mainland Tanzania and 412 Zanzibar and attempted to estimate the split time between these populations using a 413 sequentially Markovian coalescent method (Terhorst et al. 2017). This family of models has 414 good resolution for relatively remote events but less precision in the recent past than models 415 based on IBD segments. Our result (Figure 5B ) supports a common ancestral population with 416 N e ~= 10 5 individuals that underwent a sharp bottleneck followed by rapid growth around 50,000 417 generations before the present. The time at which the mainland and Zanzibar populations 418 diverged could not be estimated precisely and may have been as recent as 50 or as ancient as 419 50,000 generations before the present. Trends in N e were compared to local trends in parasite 420 prevalence from the Malaria Atlas Project [30] (Figure 5C) at putatively-neutral (synonymous) and putatively-selected (non-synonymous) sites (Figure 6A) . 430
Building on previous work in other organisms, we modeled the DFE in each population as a 431 mixture of a gamma distribution (for deleterious mutations) and an exponential distribution (for 432 beneficial mutations) [32] . We performed the inference using both the raw SFS and a smoothed 433 representation of the SFS that is more numerically stable and found that results to be similar 434 with both methods. Fitted parameter values are provided in Supplementary Table 5 but the 435 discretized representation of the DFE is more amenable to qualitative comparisons (Figure 6B) . Outliers in the XP-EHH scan, which we defined as standardized XP-EHH scores above the 449 99.9th percentile, represent candidates for local adaptation (Supplementary Figure 2) . One-450 hundred four biallelic SNPs in 20 distinct genes passed this threshold (Supplementary Table  451 6). None of these have been associated with resistance to antimalarial drugs --an important 452 form of local adaptation in this species --but one (PF3D7_0412300) has been identified in a 453 previous selection scan [42] . Prevalences of 54 known drug-resistance loci are shown in 454 Supplementary Table 7 and is similar to previous reports in East . None of these 455 mutations had F st > 0.05 between mainland Tanzania and Zanzibar. The most parsimonious explanation for our data is a source-sink scenario, similar to a previous 468 report in Namibia [46] , in which importation of malaria from a region of high but heterogeneous 469 transmission (the mainland) is inhibiting malaria elimination in a pre-elimination area (Zanzibar) . 470
Using WGS we show that the parasite population on the islands remains genetically almost 471 indistinguishable from regions on the mainland of Tanzania. We can identify numerous long 472 segments of the chromosomes that are shared between the populations, on the order of 5 cM, 473 suggesting that genetic exchange between the populations has occurred within the last 10-20 474 sexual generations. In addition, we identify a Zanzibar isolate that is related at the half-sibling 475 level to a group of mutually-related mainland isolates. This likely represents an imported case 476 and provides direct evidence for recent, and likely ongoing, genetic exchange between the 477 archipelago and the mainland. These observations suggest that parasite movement from the 478 mainland to the archipelago is appreciable and may be a significant hurdle to reaching 479 elimination. 480 481 20 Human migration is critical in the spread of malaria [47], thus the most likely source for 482 importation of parasites into Zanzibar is through human travel to high-risk malaria regions. 483
There have been multiple studies on the travel patterns of Zanzibarian residents as it relates to 484 importation of malaria [48-50], one of which estimated that there are 1.6 incoming infections per 485 1,000 inhabitants per year. This is also in accordance with the estimate of about 1.5 imported 486 new infections out of a total of 8 per 1000 inhabitants in the recent epidemiological study [2] . 487
None of these studies have leveraged parasite population genetics to understand importation 488 patterns. Though our study is small, our data suggests that genetics can potentially provide 489 additional insight into the impacts of travel and the corridors of parasite migration to Zanzibar. 490
491
Malarial infections in Africa are highly polyclonal. This within-host diversity poses technical 492 challenges but also provides information on transmission dynamics. Approximately half of 493 isolates from both the mainland and Zanzibar represent mixed infections (COI > 1), similar to 494 estimates in Malawian parasites with similar ancestry [15] . We found that a widely-used 495 heuristic index (F ws ) is qualitatively consistent with COI estimated by haplotype deconvolution 496
[51], but has limited discriminatory power in the presence of related lineages in the same host. 497 Furthermore, median within-host relatedness (F IBD ) is ~0.25, the expected level for half-siblings, 498 in both mainland and Zanzibar populations. This strongly suggests frequent co-transmission of 499 related parasites in both populations [39] . Our estimates of F IBD are within the range of 500 estimates from other African populations and add to growing evidence that mixed infections may 501 be predominantly due to co-transmission rather than superinfection even in high-transmission 502 settings [52, 53] . 503 504 Intensive malaria surveillance over the past several decades provides an opportunity to 505 compare observed epidemiological trends to parasite demographic histories estimated from 506 contemporary genetic data. Our estimates of historical effective population size (N e ) support an 507 21 ancestral population of approximately 10 5 individuals that grew rapidly around 10 4 generations 508 ago, then underwent sharp contraction within the past 100 generations to a nadir around 10-20 509 generations before the present. We were unable to obtain stable estimates of the split time 510 between the mainland and Zanzibar populations, either with a coalescent-based method 511 ( Figure 5B) or with method based on the diffusion approximation to the Wright-Fisher process 512 (not shown) (Gutenkunst et al. 2009 ). This is not surprising given that the shape of joint site 513 frequency spectrum (Supplementary Figure 3) , summarized in low F st genome-wide, is 514 consistent with near-panmixia. The timing and strength of the recent bottleneck appears similar 515 in our mainland Tanzania and Zanzibar isolates and coincides with a decline in the prevalence 516 of parasitemia. However, we caution that the relationship between genetic and census 517 population size --for which prevalence is a proxy --is complex, and other explanations may 518 exist for the observed trends. 519 520 Finally, we make the first estimates of the distribution of fitness effects (DFE) in P. falciparum. 521
Although the impact of selection on genetic diversity in this species has long been of interest in 522 the field, previous work has tended to focus on positive selection associated with resistance to 523 disease-control interventions. The DFE is a more fundamental construct that has wide-ranging 524 consequences for the evolutionary trajectory of a population and the genetic architecture of 525 phenotypic variation [54] . We find that the overwhelming majority of new alleles are expected to 526 be deleterious (N e s < 0) but most (~75%) have sufficiently small selection coefficients that their 527 fate will be governed by drift. The proportion of new mutations expected to be beneficial --the 528 "target size" for adaption--is small, on the order 1-2%. Together these observations imply that 529 even in the presence of ongoing human interventions, patterns of genetic variation in the 530 Tanzanian parasite population are largely the result of drift and purifying selection rather than 531 positive selection. We note that these conclusions are based on the core genome and may not 532 hold for hypervariable loci thought to be under strong selection such as erythrocyte surface 533 22 antigens. Furthermore, the complex lifecycle of Plasmodium species also departs in important 534 ways from the assumptions of classical population-genetic models [55] . The qualitative impact 535 of these departures our conclusions is hard to determine. 536 CONCLUSION 537
538
The elimination of malaria from Zanzibar has been a goal for many years. Here we present 539 genomic evidence of continued recent importation of P. falciparum from mainland Tanzania to 540 the archipelago. Reducing this importation is likely to be an important component of reaching 541 the elimination end game. Investigation of methods to do this, such as screening of travelers or 542 mass drug treatment, is needed. However, the high degree of connectivity between the 543 mainland and the Zanzibar archipelago will make this challenging. We are encouraged by 544 evidence that parasite populations in the region are contracting (Figure 5) . These declines are 545 likely due to decreasing transmission but need to be interpreted with caution, as they may also 546 be due to other factors that impact effective population size estimates, including violation of 547 model assumptions. The data suggests that larger studies of the relationship between 548 Zanzibarian and mainland parasites will enable further more precise estimates of corridors of 549 importation based on parasite genetics. Genomic epidemiology has the potential to supplement 550 traditional epidemiologic studies in Zanzibar and to aid efforts to achieve malaria elimination on 551 the archipelago. 552 We would like to thank the communities and participants who took part in these studies. We 587 would also like to thank Molly Deutsch-Feldman for helping to optimize the sWGA protocol. 588 
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